Hemolymph and soft tissues of Pacific oysters (Crassostrea gigas) kept in sand-filtered seawater at temperatures between 1 and 8°C were normally found to contain bacteria, with viable counts (CFU) in hemolymph in the range 1.4 x 102 to 5.6 x 102 bacteria per ml. Pseudomonas, Alteromonas, Vibrio, and Aeromonas organisms dominated, with a smaller variety of morphologically different unidentified strains.
NCIMB 2245 invaded hemolymph and soft tissues after 14 days and dominated these compartments after 41 days, whereas strain TEO 84001 did not invade soft tissues to the same extent. Challenge with V. salmonicida NCIMB 2245 resulted in 100% mortality, whereas about 50%o of the oysters survived challenge with the Norwegian strain, TEO 84001. The commensal Aeromonas sp. invaded hemolymph and soft tissues and caused 100% mortality. Oyster hemolymph contained agglutinins for Vibrio anguiUlarum but not for V. salmonicida, whereas we did not find agglutinins for either of these bacteria in horse mussels. Agglutinins for horse and human erythrocytes were found in hemolymph from both animals. We found no differences in agglutinin titers in oysters from different Norwegian locations, and long-term challenge with bacteria in seawater did not result in changes of agglutinin activity. These studies demonstrate that bacteria exist in hemolymph and soft tissues of marine bivalves at temperatures below 8°C. Increased bacterial numbers in seawater at 4°C result in augmented invasion of bacteria in hemolymph and soft tissues. V. salmonicida, a bacterium pathogenic for fish at low temperatures, invades bivalve hemolymph and soft tissues, and thus bivalves may serve as a reservoir for pathogens of fish at low seawater temperatures.
Bacteria may constitute a substantial proportion of the diet of marine filter feeders (59) and colonize their integument and gut (37) . Marine bivalves thus accumulate large numbers of microorganisms, including gram-negativeAchromobacter, Aeromonas, Alcaligenes, Flavobactenum, Pseudomonas, and Vibrio organisms and gram-positive Bacillus, Corynebactenum, and Micrococcus organisms (9, 39) , and only minor variations in this flora were found among bivalves from different locations.
Species ofPseudomonas and in particular Vibno appear to dominate the microflora on external surfaces, the digestive tract, and internal organs of marine mollusks (46) . Bacteria colonizing the gut or body surfaces of animals possessing a moist integument may enter the tissues through this surface (18) . However, Vibno and Pseudomonas species are also responsible for most bacterial diseases affecting marine bivalves (3, 10, 15, 23, 29, 35, 55, 57) . Thus, filter feeding may result in the concentration of potential pathogens, and * Corresponding author. t Present address: National College of Safety Engineering, N-5500 Haugesund, Norway. bacteria in large numbers may persist in bivalves without causing diseases. Healthy adult bivalves apparently possess efficient defenses against bacterial disease, but stress may compromise the host and even result in commensal species switching to pathogenicity (22) .
Some specificity in the uptake of bacteria by bivalves exists, with preferences for vibrios and pseudomonads. Members of these groups are often found in viscera, mantle tissues, and hemocytes (14, 34) . Thus, specific interactions apparently exist between shellfish and vibrios which appear as both commensal organisms and pathogens of these poikilotherms. Mollusks can also act as vectors for the spread of vibrios that are pathogenic for humans, such as Vibrio cholerae, Vibno vulnificus, and Vibnoparahaemolyticus (7, 52, 53) , and this association could result from the existence of host lectins with the ability to bind vibrios (19, 26, 45, 54) . The tendency to harbor indigenous Vbrio species is evident from the fact that vibrios persist in shellfish hemolymph and soft tissues after depuration in UV-treated seawater (17, 21) (30, 31, 52) . However, these observations may reflect interactions between poikilothermic hosts and opportunistic pathogens that are adapted to high temperatures. Likewise, vibrio-caused diseases of fish have generally been found to be more frequent with increasing water temperatures. However, when fish farming was established in cold arctic water in which the local microflora is adapted to low temperatures, disease outbreaks also occurred in winter (13, 44) .
The hemolymph of Pacific oysters (26, 45) and eastern oysters (Crassostrea virginica) contains lectins that agglutinate a variety of erythrocytes and bacteria, including various laboratory strains and environmental isolates of marine vibrios (20, 54) . The possible role of these invertebrate lectins in defense reactions has been documented (6, 42, 43, 47) . Humoral oyster lectins may increase the uptake of bacteria by oyster hemocytes in vitro (26) , and the in vivo activity of oyster hemolymph lectins increases after challenge with V. anguillarum in seawater (45) .
In this study, we examined to what extent bacteria were present in the hemolymph and soft bodies of healthy oysters (Crassostrea gigas) and horse mussels (Modiolus modiolus) at low seawater temperatures (1 to 8WC). We also wanted to establish whether psychrotrophic V. salmonicida (strains NCIMB 2245 and TEO 84001), which causes cold-water vibriosis in fish (12) (25) . Bacterial isolates were classified. The Vibrio group consisted of gram-negative, oxidase-positive, and 2,4-diamino-6,7-diisopropylpteridine (0/129)-sensitive motile rods with fermentative metabolism and a minimum requirement of 1% NaCl. V. salmonicida is negative for arginine dihydrolase and ornithine and lysine decarboxylase (13) . The Aeromonas group consisted of gram-negative, oxidase-positive, and 0/129-resistant motile rods with fermentative metabolism and no NaCl requirement for growth. 12 isolates could grow at up to 6%, 3 could grow at 8%, and 1 could grow at 10%. Six isolates produced acid from glucose, 3 were agarolytic, and 11 were hemolytic. Two isolates were positive for lysine and ornithine decarboxylase and one strain was positive for arginine dihydrolase. They also differed in sensitivity to 0/129. Six isolates were sensitive to 10 ,ug of 0/129 per ml, whereas nine were sensitive to 150 ,ug/ml. On the basis of acid production from D-gluconate and chitinase, nitrate reductase, and gelatinase activities, one isolate was most likely Vibrio logei and was the only luminescent strain in group A. Thus, of group A, two isolates were vibrios, whereas 15 were Pseudomonas types. From one animal in group A Leucothrix mucor was also isolated and identified as described elsewhere (25) .
Characterization of representative isolates from oysters of groups B to D (Table 1) revealed mostly members of the genera Pseudomonas, Alteromonas, Aeromonas, and Vbrio. These strains were motile, rod shaped to pleomorphic, gram negative, oxidase and catalase positive, lysine and ornithine decarboxylase negative, and hemolytic. They did not produce gas from glucose, and all were sensitive to 10 and 150 ,ug of 0/129. Of other isolates from these groups, one was luminescent, 50% were hemolytic, and two strains were able to grow without NaCl.
The viable counts in hemolymph and soft tissues from freshly caught horse mussels were of the same magnitude as those found for oysters. The mean CFU per milliliter of hemolymph was 2.6 x 104 ± 1.6 x 102, and the dominating genera were Pseudomonas (61.3%), Vibio (27.0%), and Aeromonas (11.7%o. In the soft tissues, a mean CFU of 2.9 X 104 ± 1.7 x 10 per g was found, with Vibrio (38.5%), Pseudomonas (33.0%), and Aeromonas (28.5%) organisms dominating ( Table 2) .
In order to test whether increased numbers of bacteria in seawater would affect bacterial numbers in hemolymph and soft body parts, oysters were exposed for a total of 56 days to two strains of V. salmonicida. The strains, NCIMB 2245 from Scotland (4) and TEO 84001 from Norway (28), were originally isolated from fish with cold-water vibriosis. These strains of V. salmonicida do not possess arginine hydrolase, lysine decarboxylase, or ornithine decarboxylase (4, 28) . We never found vibrios with similar characteristics in oysters. These characteristics and the scheme of Muroga et al. (40) were used to identify V. salmonicida strains in seawater, hemolymph, and tissues. Oysters were also challenged with an Aeromonas sp. isolated from hemolymph of healthy oysters (Table 1 , group D). This strain could be easily distinguished from other aeromonads by a characteristic, club-shaped morphology after 2 days on MA.
The results are summarized in Tables 3 and 4 . In nonexposed oysters (controls), the number of bacteria ranged from 102 to 103 CFU/ml of hemolymph and 102 to 106 CFU/g of tissue during the experiments. Pseudomonas, Aeromonas, Vibrio, and Enterobacter organisms constituted up to 60% of the microflora of oyster hemolymph and soft tissues. The distributions of genera in hemolymph of control oysters (three animals) typically were as follows: (i) 5% Vibrio a Mean value for 6 (hemolymph) and 10 (soft tissue) individual horse mussels + variation according to Niemela (41) . Values are per milliliter of hemolymph and per gram of soft tissue. b Agglutination titer, mean of 10 individual horse mussels. The 95% confidence interval is in parentheses.
(ornithine decarboxylase positive), 45% Vibrio (lysine decarboxylase positive), and 50%Aeromonas; (ii) 50% Enterobacter and 50% Pseudomonas; (iii) 60% Aeromonas and 40% Pseudomonas. Oyster hemolymph contained agglutinins for V. anguillarum but not for V. salmonicida. We did not find agglutinins for either of these vibrios in horse mussels. Oyster hemolymph also variably agglutinated some of the commensal strains isolated from this species. Agglutinins for horse and human erythrocytes, as previously described (43, 45) , were found in hemolymph from both animals ( Tables 1 and 2 ). We found no significant differences in hemolymph agglutinin titers of oysters from different locations (Table 1) . Also, because of large biological variation, there were no significant changes in the agglutinating titer of hemolymph toward erythrocytes after challenge to bacteria, compared with the background levels (Tables 1 and 2 ). However, an increase in the titer of human erythrocyte agglutination and a decrease in horse erythrocyte agglutination after challenge with the Aeromonas sp. could be observed.
DISCUSSION
Unlike mammals, healthy invertebrates may have bacteria in their body fluid and tissues (18, 49) . Disease may result from massive increases in numbers of otherwise harmless bacteria, saphrophytes or gut-and surface-associated nonpathogens, that proliferate in a compromised host or may result from changes in environmental factors (32) . Increased temperature has reportedly been a key factor resulting in bacterial invasion and disease in poikilotherms (32, 50) . This has been observed as a considerably slower depuration of vibrios from oysters at 23°C compared with 15°C (53), and, after exposure to V. parahaemolyticus, the mortality of C.
gigas was 100% at 21°C compared with none at 9°C (2, 36) .
In contrast, we never observed extensive mortalities in oysters (C. gigas) kept at 1 to 8°C but observed that they contained bacteria in hemolymph and tissues at these temperatures.
Oysters (C. gigas) live buried in mud at the seafloor and are thus exposed to high densities of bacteria in their natural habitat. C. gigas oysters usually inhabit temperate water and do not spawn at temperatures below 8°C. Thus, invasion of bacteria in this species could be due to large bacterial numbers in sediments or to low-temperature abuse. In contrast, horse mussels (M. modiolus) live attached to rocky surfaces in free water currents at low temperatures. However, we found that freshly caught horse mussels collected at 4 to 6°C from this relatively clean environment contained bacteria in their hemolymph and tissues at a magnitude (mean CFU, 2.6 x 104) exceeding that of oysters (mean CFU, 4.1 x 102).
Vibrio and Pseudomonas species are normal constituents of the microflora of healthy oysters (39) even from different habitats. Vibrios are common members of the microflora of marine filter feeders and are selectively ingested by some bivalves (5, (8) (9) (10) . Some marine vibrios are opportunists that proliferate, invade, and cause disease at high water temperatures (5, 23, 32) , and their presence in oysters has been correlated with high environmental temperature (2, 36) . Fish diseases caused by pathogenic vibrios were found to prevail at higher temperatures (24) , but, when fish farming was established in the Norwegian Arctic, psychrotrophic strains of V. anguillarum were found to cause winter outbreaks of vibriosis (44) . Since then, cold-water vibriosis caused by V. salmonicida has become one of the most frequent diseases in the Norwegian seawater aquaculture (13) . Thus, it is not temperature alone but the relationship among the pathogen, host, and environment that appears to affect infection by opportunistic bacteria in poikilothermic animals. Since V. salmonicida is well adapted to low temperatures, it was of interest to study whether this bacterium could invade bivalves at low temperatures and thus whether bivalves could serve as a reservoir for psychrotrophic fish pathogens. V salmonicida may survive in seawater or fish farm sediments for long periods (16, 27) , and V. anguillarum may be resident in fish for long periods without causing disease (48) . It has been demonstrated that wild-captured cod juveniles harbor indigenous gut-associated vibrios that closely resemble V. salmonicida in biochemical properties and some antigenic determinants as revealed by monoclonal antibodies (51) . Thus, V. salmonicida appears to be well adapted to a saprophytic existence.
We had established that marine bivalves contained bacteria in hemolymph and soft tissues also at low temperatures and wanted to test the effect of increased numbers of bacteria in the seawater at these temperatures. After the incubation of oysters at 4°C in seawater enriched with two strains of V. salmonicida, both strains invaded and dominated the hemolymph microflora after 41 days with a more than 1,000-fold increase in CFU (Table 3) . Incubation with the Scottish strain NCIMB 2245 resulted in 100% mortality, whereas 56% survived incubation with the Norwegian strain TEO 84001. However, neither of these strains was agglutinated by oyster hemolymph. Also, incubation with an indigenous Aeromonas sp. isolated from healthy oysters eventually resulted in invasion of hemolymph and soft tissues and in death of the oysters. In contrast to our findings, soft-shell clams (Mya arenaria) were susceptible to V. anguillarum, Vbrio alginolyticus, and a Vibrio sp. only when the strains were inoculated into heart and siphonal tissues (55) , whereas the addition of bacteria to water at 20°C did not accelerate mortality. The amount of bacteria, whether opportunistic or pathogenic, in seawater could possibly affect the eventual invasion of hemolymph and tissues. Also, it has been observed that oysters selectively remove vibrios from a medium that contains other bacteria (11, 14) . For oyster (C. virginica) larvae, high mortality has been correlated with ViNbio abundance, and, at levels of 103 to 107 bacteria per ml of seawater, mortalities ranged from 40 to 100% within 5 days (33) . Diseased larvae were massively infected by bacteria in viscera and mantle tissues. This is in agreement with our results with 107 bacteria per ml of seawater. In our study, disease progressed slowly, possibly because of the lower temperature. However, large numbers of bacteria in the seawater may not necessarily be detrimental to bivalves. Adult C. virginica, Mercenaria mercenania, Mytilus edulis, and M. arenana exposed for 24 h in standing seawater cultures to massive concentrations of pathogenic Aeromonas and Vibno spp. showed no signs of harmful effects, even though they ingested a large amount of these bacteria (56) .
Our findings are in general agreement with the contention that in the aquatic environment, pathogenicity involves a quantitative aspect in the relationship between microorganisms and their poikilothermic hosts. Factors that facilitate growth and proliferation of opportunistic bacteria in the environment to which they are adapted may lead to disease. Invasion of the body fluids and tissues of bivalves at temperatures below 8°C could result from the impaired capacity of hemocytes (1) but would disagree with the contention that bacterial diseases of poikilotherms prevail at high temperatures.
Invertebrate hemolymph and body parts contain lectins that agglutinate erythrocytes and various species of bacteria and may act in their defense by facilitating opsonization and phagocytosis (6, 42, 43, 47) . C. gigas hemolymph agglutinates marine vibrios and other bacteria (26, 45) . A preference for vibrios was observed in the eastern oyster (C. virginica), since its hemolymph specifically agglutinated Vibrio cholerae but not any of 79 other environmental bacterial isolates (54) . The first step in vibriosis of shellfish is attachment of bacteria to the outer surfaces, with subsequent invasion of the mantle and soft tissues (14, 29, 38) .
Agglutinins for bacteria have been demonstrated in external mucus and pallial fluid of the eastern oyster (C. virginica) and may thus aid in adherence of bacteria to the external mucosal surfaces (19) . Apparently, these lectins agglutinated a wide variety of bacteria but still had high specific recognition capabilities (20, 54) . The crab Callinectes sapidus contains lectins that interact with a bacterial pathogen for that species, V. parahaemolyticus (58) . Crab serum apparently contains multiple lectins that recognize distinct Vtbnio strains and mediate their clearance but lacks lectins for an indigenous bacterial strain (58) . We found that hemolymph of the Pacific oyster agglutinated V. anguillarum but not V. salmonicida, whereas hemolymph from horse mussels agglutinated neither of these bacteria. Lack of agglutinins for V. salmonicida apparently does not explain its invasion of hemolymph and tissues, since oysters possess agglutinins for invasive V. anguillarum. We have found that the hemolymph agglutinin activity of oysters increased after challenge with V. anguillarum in seawater (45) . Increased activity was detectable within 6 h and returned to background levels after a week (26) . We did not observe that the long-term exposure reported here resulted in changes of hemolymph agglutinating activity.
Our results demonstrate that bacteria are normally present in body fluids and soft tissues of healthy oysters and horse mussels kept at temperatures below 8°C. 
